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While several diseases associated with Chlamydia psittaci infection have been reported in Phascolarctos
cinereus (koala), it is still unclear whether one or more chlamydial strains are responsible. In this study, we
provide evidence, obtained by restriction enzyme and gene probe analysis, that two quite distinct strains of C.
psittaci infect koalas; one strain was isolated from the conjunctivae, and the other was isolated from the
urogenital tract and the rectum. A gene probe, pFEN207, containing the coding sequence for an enzyme
involved in the biosynthesis of the chlamydial genus-specffic lipopolysaccharide antigen, and a separate probe,
pCPML-4N, prepared from a DNA fragment of a koala-infecting strain of C. psittaci, were used to determine
the patterns of hybridization in the koala-infecting strains; these patterns were found to be quite distinct from
those observed with C. psittaci isolates from other animals. We also demonstrated by hybridization analysis
with an avian strain plasmid that all three koala urogenital isolates contain a plasmid and that there is no
evidence for the presence of a homologous plasmid in any of the ocular isolates.
Concern exists for the survival of the marsupial Phasco-
larctos cinereus (koala). The threat to the existence of this
animal is due to diminishing habitat as well as incidence of
disease and infertility (24; A. S. Brown, Ph.D. thesis,
University of Queensland, Brisbane, Queensland, Austra-
lia). Indeed, increased susceptibility to disease compared
with that of other marsupials has been documented for the
koala (6, 20). A 3.5-year study on Phillip Island, Victoria,
Australia, demonstrated a decline in the koala population of
approximately 50% (5). In another study, mean fertility in
koala populations varied from 13% at Walkerville and 22%
on Phillip Island to 63% on French Island (17). Pathological
changes, in the form of ovarian cysts and vaginitis, were
documented as early as 1919 (15) and subsequently in several
reports (2, 3, 23, 28). Cockram and Jackson (4) were the first
to report an association between infection with Chlamydia
psittaci and keratoconjunctivitis in koalas. More recently,
McColl et al. (19) isolated chlamydiae from the female koala
reproductive tract and presented evidence that these organ-
isms cause a severe reproductive tract disease leading to
infertility.
Chlamydiae are divided into two major species: Chla-
mydia trachomatis, which is a pathogen of humans (12, 29),
and C. psittaci, which causes a variety of diseases in a range
of animals (30). A common, genus-specific antigen is shared
by all Chlamydia species, but species can be differentiated
by species-specific and serovar-specific antigens (1). Despite
many biological similarities, C. psittaci and C. trachomatis
have only about 10% homology in their DNA (11). Restric-
tion endonuclease analysis has been used to differentiate
between serovars of C. trachomatis (27). More limited
studies with C. psittaci have differentiated avian and ovine
isolates (7, 18). In recent studies, we have used restriction
endonuclease analysis to differentiate ovine, bovine, avian,
and feline C. psittaci isolates (13, 31). We have also used
gene probe hybridization analysis, which proved to be a
more sensitive method for differentiating these strains (31).
This method of analysis allowed differentiation of a koala
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conjunctival isolate from all other C. psittaci isolates. In
view of the variety of diseases caused by C. psittaci in the
koala and the obvious association with infertility, it was of
interest to determine whether more than one strain was
involved.
MATERIALS AND METHODS
Cell culture and C. psittaci DNA isolation. C. psittaci was
grown on buffalo green monkey kidney (BGM) cells as
described previously (31). Urogenital, rectal, and conjuncti-
val swabs from koalas were collected into 1 ml of transport
medium and stored at -70°C prior to use. Elementary bodies
were purified by a modification of the method of McClenag-
han et al. (18) by centrifugation through a Urografin-76
(Schering AG, Berlin, Federal Republic of Germany) gradi-
ent. DNA was extracted from purified elementary bodies by
a modification of the method of Wenman and Lovett (32).
Elementary bodies were suspended in lysis buffer (40 mM
Tris hydrochloride, 0.1 M NaCl, 0.5% sodium dodecyl
sulfate, 20 mM EDTA [pH 7.2]). Proteinase K was added to
a concentration of 1.4 mg/ml, and the mixture was incubated
at 55°C for 20 min and then further incubated at 37°C for 60
min. The resulting solution was extracted twice with equal
volumes of phenol-CHCl3 and then further extracted with
CHCl3 and ether. After precipitation with ethanol, DNA was
suspended in Tris-EDTA buffer (pH 7.2).
Gene probes. The recombinant clone pCPML-4N was
isolated from a gene library of a koala ocular strain of C.
psittaci and prepared in the plasmid vector pUN121 (22),
which was kindly provided by B. Nilsson (Stockholm,
Sweden). Rabbit polyclonal antiserum raised against thio-
mersal-inactivated elementary bodies from a koala conjunc-
tival strain of C. psittaci was used to screen the gene library.
Anti-rabbit immunoglobulin G-alkaline phosphatase conju-
gate was used to detect antigen-producing clones according
to the directions of the supplier (Promega Biotec, Madison,
Wis.). pFEN207 was kindly provided by F. E. Nano, Rocky
Mountain Laboratories, Mont. This recombinant plasmid
consists of a 6.5-kilobase (kb) fragment of C. trachomatis
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FIG. 1. Electrophoretic separation ot DNA. Sources were A
DNA digested with HindIII (fragment sizes, 23, 9.4, 6.6, 4.4, 2.3 and
2 kb) (lane a); BamHI-digested chlamydial DNA from koala con-
junctivitis (lanes b to d), koala uterus (lane e), koala rectum (lane f),
koala vagina (lane g), avian psittacosis (lane h), ovine abortion (lane
i), SBE (lane j), feline conjunctivitis (lane k), C. trachomatis LGV
434 (lane 1), and BGM (lane m); and SPP-1 DNA digested with
EcoRI (fragment sizes, 7.8, 7, 5.9, 4.7, 3.4, 2.7, 1.9, 1.5, 1.3, and 1.1
kb) (lane n).
fragment contains a gene which directs the expression of the
chlamydial genus-specific lipopolysaccharide antigen in
Escherichia coli (21). A 6.2-kb plasmid from an avian psit-
tacosis isolate, which had been cloned into the EcoRI site of
pUC13 (unpublished results), was also used as a probe.
Restriction enzyme digestions and hybridization analysis. C.
psittaci DNA samples were digested to completion with an
excess of the appropriate restriction enzyme according to
instructions supplied by the manufacturer (Boehringer
GmbH, Mannheim, Federal Republic of Germany, or Amer-
sham Corp., Arlington Heights, Ill.). Electrophoretic sepa-
ration was carried out on 0.8% agarose gels, and DNA was
transferred to Hybond-N (Amersham). Hybridization was
carried out with 32P-labeled gene probes (described in the
figure legends) by the method of Maniatis et al. (16). After
hybridization, filters were washed twice with 2x SSC (lx
SSC is 0.15 M NaCl plus 0.015 M sodium citrate) at 65°C for
20 min and for 20 min in 2x SSC-0.1% sodium dodecyl
sulfate at 65°C. Filters were then exposed to Kodak XAR-5
X-ray film at -70°C for various times.
RESULTS
C. psittaci was isolated from five koalas: two had ocular
infections, two had urogenital infections, and one had both.
DNA extracted from these isolates was compared by restric-
tion enzyme analysis with BamHI (Fig. 1). It is evident that
the three ocular strains show similar patterns of fragmenta-
tion (Fig. 1, lanes b, c, and d). Comparison with uterine (lane
e), rectal (lane f), and vaginal (lane g) isolates (subsequently
referred to as urogenital isolates) revealed a marked differ-
ence in digestion patterns (arrows). The three urogenital
isolates appear to have the same fragmentation pattern,
which is also similar to that in the sporadic bovine encepha-
2. 3
2.0-
FIG. 2. Southern blot hybridization with a koala ocular strain
probe of EcoRI-digested C. psittaci DNA from various sources. The
probe used was a 32P-labeled, 5.3-kb insert of pCPML-4N cloned in
this laboratory from a koala strain of C. psittaci. Lanes: 1 to 3, koala
conjunctivitis; 4 to 6, koala urogenital isolates; 7, avian psittacosis;
8, ovine abortion; 9, SBE; 10, feline conjunctivitis; 11, C. tracho-
matis LGV 434; 12, BGM.
lomyelitis (SBE) strain (Fig. 1, lane j). The rather prominent
band in the vaginal isolate at approximately 5 kb (Fig. 1, lane
g) has been observed in other isolates. We have cloned this
fragment and shown it to be simian virus 40. It appears to be
induced from the BGM cells used to culture C. psittaci under
certain conditions of infection.
While observations of restriction endonuclease digestion
patterns are useful for detecting gross differences between
different chlamydial strains, the method is lacking in sensi-
tivity. Accordingly, we have used cloned chlamydial genes
as probes to compare the ocular and urogenital strains. The
results obtained by using the 5.3-kb insert of pCPML-4N
cloned from a koala ocular strain of C. psittaci in this
laboratory demonstrate an obvious difference in hybridiza-
tion patterns between the ocular and urogenital strains (Fig.
2). A single band at 5.3 kb was observed for all three ocular
isolates (Fig. 2, lanes 1 to 3), while a fragment hybridizing at
4.4 kb was found for the urogenital isolates (Fig. 2, lanes 4 to
6) after digestion with EcoRI. The samples in Fig. 2, lane 3
(ocular) and lane 4 (uterine), were isolated from the same
animal. The pattern of hybridization was different for other
C. psittaci strains (Fig. 2, lanes 7 to 10), with the exception
of the SBE strain, which showed a band of approximately
the same size as the urogenital isolates (Fig. 2, lane 9).
Figure 2, lanes 11 and 12, contain DNA from C. trachomatis
lymphogranuloma venereum (LGV) and BGM, respectively.
It was also possible to differentiate between the two koala
strains with a genus-specific antigen-gene probe, pFEN207,
isolated from C. trachomatis. DNA digested with BamHI
gave a different pattern of hybridization in ocular (Fig. 3,
lanes 1 to 3) and urogenital (Fig. 3, lanes 4 to 6) isolates. It
is interesting to note that, with this probe also, the size of the
fragment hybridized in the urogenital isolates was similar in
size to that hybridized in the SBE strain (Fig. 3, lane 9).
In view of the ubiquitous presence of plasmids in C.
trachomatis strains, it has been suggested that they may play
a role in the growth cycle of the organism (25). Since the
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FIG. 3. Southern blot hybridization with a chlamydial genus-
specific probe (pFEN207) of BamHI-digested chlamydial DNA from
various sources. Lanes: 1 to 3, koala conjunctivitis; 4 to 6, koala
urogenital strains; 7, avian psittacosis; 8, ovine abortion; 9, SBE;
10, feline conjunctivitis; 11, C. trachomatis LGV 434; 12, BGM.
on the infectivity of different C. psittaci strains or be a means
of differentiating between strains, we screened our isolates
with a 32P-labeled psittacosis plasmid (cloned by P.T.) as a
probe. The results presented in Fig. 4 show a single hybrid-
ization band in all three koala urogenital isolates (lanes 5 to
7). No hybridization was observed with DNA from any of
the ocular strains (Fig. 4, lanes 8 to 10). The koala plasmid is
approximately 7.4 kb in size, which corresponds well with
the C. trachomatis plasmid (Fig. 4, lane 2), and is signifi-
cantly larger than the psittacosis plasmid, which is 6.2 kb in
size (Fig. 4, lane 3). A plasmid present in the SBE isolate is
approximately the same size as that in the urogenital isolates
(Fig. 4, lane 4).
DISCUSSION
This report has provided the first evidence for infection of
koalas by more than one strain of C. psittaci. On the basis of








FIG. 4. Hybridization of 32P-labeled psittacosis plasmid to koala
and other chlamydial DNAs. Lanes: 1, BGM; 2, C. trachomatis
LGV 434; 3, psittacosis plasmid; 4, SBE; 5 to 7, koala urogenital
isolates; 8 to 10, koala ocular isolates.
gene probe analysis, it seems likely that there is one ocular
strain and another strain with a propensity to infect the
urinary tract and rectum. Even with the same koala, it is
possible to distinguish site-specific infection by C. psittaci.
Chlamydiae can be differentiated antigenically by species-
specific, subspecies-specific, and serovar-specific epitopes
and on the basis of pathogenicity and other biological
properties (1). The molecular basis for these antigenic dif-
ferences has remained largely unknown. More recently,
chlamydial species and C. trachomatis biovars have been
differentiated by analysis of DNA fragments generated by
restriction enzyme digestion (27). As has been pointed out
previously, this approach is useful for detecting gross differ-
ences between DNAs of different strains but is lacking in
sensitivity (Fig. 1). For C. trachomatis, more than one
restriction enzyme was required to discriminate between
strains or serovars (27). While gene probes have been used
to detect chlamydial DNA in spot (10), sandwich (26), and in
situ (8) hybridizations, only one recent report, from this
laboratory, has differentiated chlamydial strains by DNA
polymorphisms (31). In this study, we have succeeded in
distinguishing between chlamydial strains in the koala at a
molecular level with different gene probes. Unlike C. tra-
chomatis, in which plasmids are ubiquitously observed (9,
14), only some strains of C. psittaci contain plasmids (7).
Furthermore, the C. psittaci plasmid was found to vary in
size. It is interesting to note that plasmids were present in
conjunctival strains in guinea pig (strain GPIC) and sheep
but were absent from all ovine abortion strains (7). In this
study the reverse was true for koalas, with plasmids being
found in urogenital and rectal strains but not in ocular
strains. The size of the urogenital strain plasmid is about 7.4
kb, similar to that reported for the plasmid in a GPIC strain
but considerably greater than the 6.2-kb estimate for the
plasmid in a cloned psittacosis sample used in this study. We
have cloned the koala urogenital strain plasmid and are at
present characterizing it. Presence of plasmids may prove to
be a useful diagnostic probe for distinguishing between the
two chlamydial strains in the koala.
We have noted previously the similarity of the koala
urogenital strain and the SBE strain when restriction enzyme
patterns and gene probe analyses were used. A further
similarity is the presence of plasmids of the same size in the
two isolates (Fig. 4). These results raise the possibility of a
close link between the bovine strain and the urogenital koala
strain and may be important in future epidemiological stud-
ies on disease in the koala. However, since only one bovine
strain was available, it is somewhat premature to suggest
that a single or closely related strain is involved in both
cases.
Samples for this study were collected largely in southeast
Queensland, where both urogenital and ocular infections
have been observed. However, on Phillip Island, Western-
port Bay, Victoria, there is a high prevalence of genital tract
pathology and infection, with little evidence of ocular infec-
tion (Brown, Ph.D. thesis). The fertility of that population is
low because of reproductive failure in females over 3 years
of age (5), and C. psittaci is strongly implicated in that failure
(Brown, Ph.D. thesis; K. A. Handasyde, Ph.D. thesis,
Monash University, Melbourne, Victoria, Australia). The
evidence presented in this report of organ specificity of
infection by C. psittaci together with the poor survival of
chlamydiae outside the host organism supports both ocular
and venereal transmission of disease in koalas. We have
initiated a project with R. W. Martin, A. K. Lee, and K. A.
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tralia) to determine whether the organism implicated in
disease and infertility on Phillip Island is the same as that
isolated from the urogenital tract of animals 2,000 km away
in southeast Queensland.
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